Objective: In children with noncirrhotic extrahepatic portal vein obstruction (EHPVO), minimal hepatic encephalopathy (MHE) was reported in a few series, but neither is it routinely investigated nor does consensus about its diagnosis exist. In this prospective observational study we aimed at detecting the prevalence of MHE in children with EHPVO and providing a practical diagnostic protocol. Methods: A consecutive sample of 13 noncirrhotic children (age range 4-18 years) with EHPVO underwent a screening for MHE based on level of fasting ammonia, quantified electroencephalogram (EEG) evaluation, and a wide battery of 26 psychometric tests exploring learning ability, abstract reasoning, phonemic and semantic fluency, selective attention, executive functions, short-term verbal and visual memory, long-term verbal memory, and visuopractic ability. Results: Five children had at least 2 altered psychometric tests. Selective attention, executive function, and short-term visual memory were the domains more frequently altered, and 4 tests were enough to detect 80% of these children. Fasting ammonia plasma level was increased in 6 children. EEG mean dominant frequency adjusted for age was associated with serum ammonia concentration (b ¼ À0.44 AE 0.19, P < 0.05). As a whole, children with EHPVO showed trends for lower a (median 41% vs 49%) and higher u power than controls (median 41% vs 49% and 29% vs 20%, respectively). Conclusions: MHE affects approximately 50% of children with EHPVO and, therefore, is worthwhile to be investigated. Three simple tools, serum ammonia, quantified EEG, and neuropsychological examination, focused on selective attention, executive function, and short-term visual memory can be used effectively in the evaluation of MHE in this setting.
H epatic encephalopathy (HE) is brain dysfunction caused by liver insufficiency and/or portosystemic shunting; it manifests with a wide spectrum of neurological/psychiatric abnormalities, ranging from subclinical alterations to coma.
The subclinical manifestation of HE, which is called minimal hepatic encephalopathy (MHE), is well defined in adults, and its diagnosis is made in the presence of alteration of at least 2 psychometric tests (eg, the trail-making test parts A and B [TMT-A/TMT-B], the digit symbol, the block design, the Psychometric Hepatic Encephalopathy Score battery, the computerised tests exploring attention, and working memory) and of abnormal electroencephalogram (EEG) (1) . The term covert HE is also used to refer to the spectrum of manifestations of HE that do not produce disorientation in time or space (2) , but that are unmasked by appropriate testing.
For the past few years, several studies carried out in adults have shown that MHE has an impact on the quality of life of patients and their working capacity (3), as well as on their ability to perform complex tasks, such as driving (4) . It was also found that the presence of MHE may have a correlation with the prognosis and the later onset of overt HE (5, 6) .
MHE can also occur in patients with noncirrhotic portal hypertension (PH) and portosystemic shunting (7, 8) . Although MHE is a recognized complication in adults with noncirrhotic PH, it is not so in children. In paediatric patients with noncirrhotic extrahepatic portal vein obstruction (EHPVO), MHE has so far been considered a rare or negligible issue, based on the fact that normal liver function is generally accepted to prevent its clinical manifestations.
Nevertheless, some studies have shown that these children may have MHE, diagnosed by abnormal psychometric tests, magnetic resonance spectroscopy, and critical flicker frequency (CFF) (9) (10) (11) . According to this research, MHE can compromise attention, processing speed, and psychomotor performance, in some cases affecting academic performance. MHE seems to resolve by restoring blood flow to the liver by the mesoportal bypass (MPB), whereas surgical portosystemic shunts may worsen it (9) . Testing children, however, is difficult, and there is a clear need to determine which diagnostic tool is best to detect its presence. In addition, the majority of children with EHPVO develop it during the management of a neonatal illness, and bear the additional neurological risk of perinatal morbidities, including prematurity, that can make the diagnosis of MHE more difficult or sometimes questionable as compared with adults (12) .
The aim of this study was to perform a preliminary study on prevalence and features of MHE in children with EHPVO and to gather information allowing the development of a standardised diagnostic protocol in this setting.
METHODS
This research began after the approval of the experimental project by the ethics committee of the Hospital of Padova. The study involved the recruitment of a consecutive group of children ages 4 to 18 years with EHPVO diagnosed with ultrasound and/or computed tomography scan or magnetic resonance imaging (MRI) angiography. Significant coexistent liver disease was assumed to be absent based on the previously well-characterised features of this perinatally acquired condition, including histology in some of these patients (personal data, not shown) (12) . This age range was chosen to perform neuropsychological tests that require sufficient skills and basic knowledge.
We applied the following exclusion criteria:
1. Presence of preexisting, clinically evident neurological disease 2. Medical contraindications to perform the examination provided by the study 3. Mental or social conditions that would not ensure good adhesion to the protocol and an adequate understanding of the participation to the study 4. Presence of severe parenchymal liver disease (abnormal synthetic function or cholestasis) 5. Antibiotic treatment during or in the month preceding the study 6. Treatment with disaccharides, prebiotics, or probiotics that may interfere with gut ammonia production 7. Failure to signing the consent form by the parents or legal guardian
Biochemical Workup
Each patient underwent biochemical tests to evaluate liver function, clotting profile, blood count, and ammonia plasma level. Ammonia was measured on venous blood. Samples were immediately put in ice and sent to the laboratory. The assay was carried out within 3 hours from venipuncture by enzymatic method (Dimension Vista Ammonia Flex; Siemens Healthcare Diagnostics, Newark, DE).
Electrophysiological Evaluation
All 13 children underwent a 20-minute recording of spontaneous closed-eye EEG, performed using digitalized electroencephalographic equipment (Mizar Sirius Digital Multifunctional System EEG-EP Galileo, EB NEURO, Florence, Italy). During the recording, short periods of photic stimulation and hyperpnoea were performed. Sampling frequency was 256 Hz, and the conversion resolution was 0.19 mV per digit.
The recordings were performed with silver electrodes and a cup diameter of 0.5 to 1 cm, provided with a central hole, welded to the skin by means of adhesive material. The electrodes were placed on the scalp according to the International 10-20 System (13). The reference was put in between Cz and Fz and the ground in front of FpZ. The recording parameters used were sensitivity of 10 mV/mm, low-pass filters set-up at 50 Hz, high-pass filters, or set-up time constant of 0.1 second. The impedances were uniformly <5 kOhm.
The EEG tracing was assessed by spectral analysis, after a visual inspection to exclude artefacts. The spectral analysis was performed on the derivations P3-P4, to reduce the interference of muscle activity. The frequency range 1 to 25.5 Hz was selected because it is suitable to detect the dynamics of EEG activities in HE (14) .
The variables considered for EEG evaluation were the mean dominant frequency (MDF), that is, the mean frequency weighted by the power of each frequency band, and the relative power of the u and d bands, that is, the percentage of the absolute power of the spectrum owing to the u and the d bands, respectively. Unlike in children, in adults the values of these variables that are useful for diagnostic purposes are rather well defined (14) . We therefore compared the measures of EEG activities in the patient group with the ones of a control group of equal size composed by age-and sexmatched healthy children who underwent EEG for trivial reasons and whose EEG was considered to be normal by an expert paediatric neurologist and neurophysiologist (C.B.). The digitalised EEG was assessed by a clinician with expertise in cognitive-behavioural disorders in adult haepatology and general medicine (P.A.).
Neuropsychological Evaluation
Given the lack of an international consensus on the composition of the series of neuropsychological tests to be used for the diagnosis of MHE in the paediatric age group, we decided to perform a broad-spectrum protocol that could assess different areas of cognitive function, including those who are considered to be altered in adults with MHE (15, 16) .
Therefore, we investigated executive, attention, perceptionpraxis, language, and memory functions and abstract reasoning ability, as well as psychomotor performance. We added some tests exploring learning abilities, because we considered it important to have an overall view of the cognitive skills and of the developmental age of the examined children. We used psychometric tests that are designed for children and standardized for the Italian paediatric population. Every test was adjusted for age, sex, and level of education.
The tests were administered by a paediatric neuropsychologist (S.P.) and a neuropsychologist with expertise in HE (S.S.) during a single session of approximately 120 minutes; interruption for rest was allowed as soon as fatigue or reduced compliance was suspected by the neuropsychologist. Laterality was previously checked by the test of Oldfield (16) .
The protocol included the abstract reasoning test, language tests, the school learning test, memory tests, perception and praxis tests, attention tests, and evaluation of executive function tests.
Abstract Reasoning Test
The raven-coloured matrices test offers a ''culture-free'' general intelligence index and investigates abstract reasoning and visuospatial abilities. The test is composed of a set of nonverbal multiple-choice questions, listed in order of difficulty. The patient is asked to identify, among the available alternatives, the missing item that completes a pattern.
Language Tests
The verbal phonemic and semantic fluency test evaluates the capacity to retrieve the lexical knowledge on both phonemic access and categorical semantic. It can also be used to evaluate prefrontal functioning; the patient is asked to produce the greatest possible number of words that begin with the same letter or belong to the same category within 1 minute.
The token test measures the ability to understand language (syntactic and semantic competence). The participant is required to execute verbal orders of progressively increasing complexity, using tokens of different shapes, colour, and size.
School Learning Test
The school learning test is administered only to children attending the primary school and allows estimating the acquisition of academic learning by evaluating the basic instrumental skills, such as dictation of a song, reading a story, or writing a calculation.
Memory Tests
The Corsi test is used to investigate the integrity of short-term visuospatial memory. The test involves the use of a wooden tablet in which there are 9 glued cubes arranged asymmetrically. The examiner touches the cubes in sequences of increasing length, and the subject must reproduce it by tapping the cubes in the same order.
The selective recall of words, tests of memory and learning set is a test that assesses the ability to learn intentionally verbal material, and the patient is required to recall as many items as possible from a list of words, which is read by the examiner only once. Subsequently, the examiner repeats only those words that have not been previously repeated (Buschle-Fuld technique) and again asks the patient to recall the entire list. After a time interval of at least 10 minutes the patient is asked to recall again the entire list of words.
The short story test evaluates both short-and long-term verbal memory. The examiner reads a short text and the patient is instructed to recall immediately as much information about the story as possible; after an interval of 10 minutes the patient must repeat the story.
The direct digit span test is used to investigate the integrity of short-term memory. The subject is asked to memorize progressively longer sequences of digits that are read by the examiner; the span is the maximum number of digits that the patient can remember.
The reverse digit span test is similar to the previous one, but the patient is required to recall the sequences in a reversed order. This test allows to investigate the integrity of both verbal short-term and working memory.
The recall of pairs of words test evaluates verbal working memory. The examiner lists 3 groups of 6 pairs of words each in a different order; after reading the list in a different order from that of the presentation, the examiner reads 1 word of the pair, and the patient must recall the associated word.
The delayed complex figure test assesses the long-term visuospatial memory. The subject is invited to copy a complex figure from a template and to recall and draw it after 5 to 10 minutes.
Perception and Praxis Tests
The immediate complex figure test investigates visual-perceptual and constructional praxis. It evaluates the accuracy in the reproduction of the various parts of a figure and the time taken to complete the test. The strategy used by the patient to produce the copy during the execution is further evaluated (qualitative value).
The visual motor integration test evaluates perceptual function, fine motor skills, and visuomotor integration. Visuomotor integration consists of a series of geometric shapes that need to be copied onto paper (motor series) or recognized (visual series). The figures are arranged in order of increasing difficulty, and the score is calculated based on the number of figures copied correctly within 5 minutes.
Attention Tests
The Bell test is a test of visual search, which measures the selective and sustained visual attention. The patient must recognize and mark the highest number of bells drawn on a set of 4 sheets and mixed with different distracters, in a maximum time of 30 seconds (selective attention) and 2 minutes (sustained attention) per sheet.
The TMT-A is an attention task that consists of linking together with a pencil 25 numbered circles drawn on a sheet, following the numerical order, in the shortest possible time.
The trail-making test B evaluates the sustained and divided visual attention and the ability to switch between 2 ordinate series (ie, numbers and letters). Similarly to the TMT-A, the subject must link together 25 circles following the order of the numbers and letters, alternatively.
The attentive matrices test evaluates selective visual attention. Three sheets are shown to the subject; each of them contains 13 rows of 10 numbers from 0 to 9, arranged in a random sequence. The patient is required to check the numbers to find a target number (from 1 to 4 digits) in each matrix. The matrices are presented from the simplest to the most difficult.
Tests for the Evaluation of Executive Function
The Tower of London test investigates the ability of planning and programming complex strategies. It consists in the execution of a fixed number of moves aimed to physically reproduce the configuration of 3 coloured balls drawn on the template sheets.
The frontal assessment battery, motor series, consists of 3 parts:
1. Luria motor series: This series assesses the ability of motor planning. The patient must perform a motor sequence composed by 3 moves: ''fist-back-palm,'' 6 times with the dominant hand.
Conflicting instructions:
The patient must provide an opposite response to the examiner's signal (beat once when the examiner beats twice and vice-versa). In this case, the verbal commands conflict with sensory information and the subject must obey the verbal orders, suppressing the visual data. 3. Go-no-go instruction: This test uses the same signals used in the previous subtests, but the instructions are different; the patient should not beat when the examiner beats twice, whereas the patient should copy the examiner when he or she beats once.
Statistical Analysis
Results of the spectral EEG are expressed as median and interquartile range. The results are expressed as medians. Analysis of covariance was used to evaluate the predictors of EEG spectral measures. A multivariate analysis was carried out to seek predictors of abnormal MDF in the digitalised EEG.
For each patient, the overall psychometric performance was expressed also by the mean z score (z-PSI) of all psychometrical tests expressed in units of SD of their own reference values, to have a synthetic cognitive index, thus avoiding bias caused by multiple comparisons.
RESULTS
Thirteen subjects were enrolled, 6 boys and 7 girls, aged between 4 and 18 years, and were studied consecutively (Table 1) . In 8 cases (61.5%), the diagnosis of EHPVO was made following the detection of splenomegaly; in 3 patients (23.1%), the diagnosis was made incidentally (ie, during an abdominal ultrasound performed for reasons not related to EHPVO); 2 patients (15.4%) presented with gastrointestinal bleeding as first symptom; 1 patient developed portal vein thrombosis after liver transplantation.
Ten of the 13 children (77%) were born preterm. In 9 cases (69%), the placement of an umbilical venous catheter was required. Among these, 1 patient underwent exchange transfusion in the neonatal period for maternal-foetal isoimmunisation, 1 patient had a complex congenital cardiac malformation (double outlet right ventricle), 1 patient had neonatal asphyxia, 2 experienced neonatal sepsis, 1 patient had respiratory failure from respiratory distress syndrome; 3 were born preterm but had no comorbidities. Six children (46%) had a typical perinatal history and were not affected by any significant underlying disease.
Apart from splenomegaly, the physical examination was normal; no patient showed signs of encephalopathy or neurological abnormalities on routine clinical examination. In 6 children (46%), a mild increase in the fasting ammonia plasma level was detected (median 48, range 42-58 mmol/L, Table 1 ). In 3 of them at least 2 psychometric tests were found to be abnormal, whereas 1 did not undergo psychometric examination.
Psychometric Tests
Among the 13 enrolled patients, 11 underwent neuropsychological assessment, whereas 2 did not (1 had not achieved sufficient education to understand some of the tests; the other was not an Italian-native speaker and was found unable to understand the tasks because of the linguistic barrier). All of the patients were cooperative and motivated while carrying out the tests and did not demonstrate difficulty in separating from the parents nor did they declare fatigue during testing.
The results of the neuropsychological tests are summarized in Table 2 . The laterality questionnaire of Oldfield showed right dominance in 9 of 11 cases (81.8%). The domains of abstract reasoning and language ability were preserved in all of the subjects, whereas alterations concerning attention and, to a lesser extent, memory, visuomotor, and executive functions were detectable. Five subjects (45%) showed alterations in at least 2 psychometric tests and 4 of them showed alterations in the domains that are known to be abnormal in MHE. In 2 subjects the psychometric impairment was extensive and was detected in at least 8 tests, despite these subjects not being considered to have mental impairment on routine clinical investigation.
Four tests (TMT-B, reverse digit span, the attentive matrices, and the Rey complex figure) were enough to detect 80% of the children with 2 or more altered tests in the typical domains for MHE. Of the 6 patients who had hyperammonaemia (Table 1) , 1 did not undergo psychometric investigation, and 3 patients had at least 2 altered psychometric tests.
Electroencephalogram
All of the patients underwent EEG. On visual reading, performed by an expert paediatric neurophysiologist, all of the EEGs were considered to be within the normality range in both the patients and healthy controls. The measures obtained by spectral analysis of the EEG, however, showed a clear trend for higher u and lower a relative power (a finding typical of MHE) in the subjects with EHPVO than in age-matched controls, but this difference did not reach statistical significance (Table 3) .
As expected, the spectral measures were predicted by age in both patients and controls, with no difference between the 2 groups (analysis of covariance adjusted for age). Of note, both age and ammonia were found to be independent predictors of the MDF of the EEG on multivariate regression (b ¼ 0.68 AE 0.19, P < 0.01 and b ¼ À0.44 AE 0.19, P < 0.05, respectively). In contrast, no clear relation was found between electrophysiological measures and psychometric performance.
DISCUSSION
In our study we found a high prevalence (45%) of minor cognitive impairment in children with EHPVO; the neuropsychological profile of these alterations pointed mainly towards alterations of prefrontal functions. These features are similar to the ones found in adults with MHE. Only 1 subject had selective memory dysfunction that may be suspected to be related to some other mild brain damage acquired in the perinatal period. Quantified EEG showed a trend for a shift from a towards u EEG activity. This shift is in agreement with the EEG features of MHE in adults; in addition, the EEG MDF was found to be related to ammonia plasma levels that were elevated in approximately half of the children.
The number of published studies on HE of children is rather limited, mainly because children with liver cirrhosis, which is the main cause of HE in adults, rapidly undergo liver transplantation. In contrast, children with EHPVO do not have any indications for liver replacement and, therefore, grow up and live with PH, thereby having time enough to develop its complications (12) . Unless properly treated, they develop severe bleeding episodes, but do not progress to end-stage liver disease (17) . EHPVO is frequently considered a rather benign condition, because mortality from gastrointestinal bleeding is negligible in this group of patients if managed with modern protocols for oesophageal varices treatment (18) . Nevertheless, children with EHPVO have impaired health-related quality of life, because bleeding episodes can occur despite treatment and they experience huge splenomegaly and hypersplenism as well as growth retardation; recently, even mild neurocognitive impairment was detected. Because all of these manifestations can be improved by the MPB, mild cognitive impairment in these subjects was ascribed to HE (19, 20) . The diagnostic tools for HE and MHE in the paediatric age are still poorly defined, and only a few studies have been published, which, however, seem to confirm some of the findings described in adults.
Clear reduction of attention span, excessive daytime sleepiness, and increase in blood ammonia levels were reported after proximal splenorenal shunt, but were reversed by performing an MPB that allows the restoration of normal blood flow to the liver (9) . Therefore, attention deficits, sleepiness, and hyperammonaemia are clear manifestations of HE in children. Furthermore, alterations of psychometric tests exploring processing speed, attention, and short-term memory in a group of children with EHPVO, who therefore needed special assistance in education, improved after MPB, confirming that in their pathogenesis MHE had a primary role (10, 21) . Yadav et al (11) found that 32% of 22 children with EHPVO had psychometric alterations, decreased CFF, high blood ammonia, significantly increased Glx-to-Cr ratio on MRI brain spectroscopy, and globus pallidus hyperintensity on T1-signal MRI. Another study showed that 35% of 34 patients (young adults and adolescents) with EHPVO who underwent psychometric investigation, CFF, P300 auditory event-related potential (P300ERP), and serum ammonia testing showed neuropsychological and/or neurophysiological alterations, particularly if they had spontaneous portosystemic shunts (22) . Of these individuals, 75% continued to have these alterations, and new cases occurred after 1 year, but no patient progressed to overt encephalopathy (23) . Therefore, our findings are in agreement with the present knowledge that children with EHPVO have a high prevalence of mild cognitive disorders, compatible with MHE, and that are easily neglected in clinical practice, probably because they concern attentive end executive abilities that may be missed without focused neuropsychological investigation. Indeed, our study showed an even higher prevalence than expected, and in a few patients the problem concerned also memory function. It cannot be excluded that perinatal events may have had a negative impact on cognition and produced minor sequelae on memory function, and this should be considered especially in children with normal serum ammonia and an unusual pattern of cognitive dysfunction. The extensive psychometric investigation that we performed showed that TMT-B together with the complex figure of Ray and the attentive matrices are enough to detect MHE in children. In addition, an interesting and original finding was the profile of quantified EEG and its relation with ammonia plasma levels. Hyperammonaemia is a marker of portosystemic blood shunting (24) and it has been recognized as a risk factor for HE (25) . Quantified EEG, a cheap and simple diagnostic tool independent of educational level and patient's cooperation, may be of great utility for monitoring MHE in the paediatric populations.
In conclusion, our study confirmed that children with EHPVO have a high prevalence of MHE, a condition likely to have a negative impact on quality of life and intellectual potential. MHE can be detected with a simple diagnostic protocol that includes serum blood ammonia, quantified EEG, and a simple neuropsychological examination, (TMT-B, reverse digit span, Rey complex figure, and the attentive matrices).
